Industrial depolymerization of chitinous biomass generally requires numerous steps and the 2 use of deleterious substances. Enzymatic methods provide an alternative, but fundamental 3 knowledge that could direct potential development of industrial enzyme cocktails is scarce. 4
INTRODUCTION
amorphous parts of the substrate. The recent discovery of a new family of carbohydrate 46 active enzymes that specifically target crystalline parts of the substrate (lytic polysaccharide 47 in all reactions. Toluene was added to all reactions (0.5% v/v) in order to prevent microbial 110 contamination. 111 isocratic liquid chromatography using a Shimadzu Prominence HPLC system equipped with a 115 Rezex RFQ-Fast acid H + (8%) 7.8 x 100 mm (Phenomenex) column with a Carbo-H, 4 x 3.0 116 mm guard column and Rezex RFQ-Fast Acid H + (8%) 7.8 x 50 mm fitted in front. The mobile 117 phase was composed of 5 mM H 2 SO 4 and was run at a flow of 1.0 mL/min. Eluted (GlcNAc) 2 118 was detected by monitoring the absorbance at 195 nm and calibration standards were run 119 routinely. 120 8 5000 g. After decanting off the supernatant the chitin pellet was resuspended in 0.5 ml 50 mM 131 ammonium acetate buffer pH 6.3 (binding buffer) followed by sedimentation by 132 centrifugation. The washing step was repeated three times in order to ensure removal of all 133 acetic acid. The concomitant substrate binding assays were performed by mixing 1 M 134 enzyme with 10 mg washed substrate suspended in 50 mM ammonium acetate buffer pH 6.3 135 (100 L total volume ) in 1.5 mL test tubes, followed by 1 h static incubation at 37 o C. After 136 sedimentation of the chitin by centrifugation, the substrates containing the bound proteins 137
were washed three times with 0.2 ml binding buffer. After the final washing step, 0.2 ml 138 elution buffer (20 mM acetic acid) was added and in order to release the proteins from the 139 substrate. After 10 minutes of incubation, proteins released from the chitin by the elution 140 buffer were analyzed by SDS-PAGE. Enzymes not eluted by the elution buffer, but still 141 bound to the chitin were analyzed by resuspending the chitin in 20 l of loading buffer, 142 followed by 10 min boiling and subsequent analysis by SDS-PAGE. The gel was stained byRESULTS 147
Properties of milled chitin 148
Converge mill grinding of -chitin resulted in a time dependent reduction of mean particle 149 size and crystallinity (Table 1, Fig. 1A ). From the initial size of the particles of 2.0 mm (C0 150 sample), mean particle size converged at 21 m after 30 min grinding (Table 1 ). In addition to 151 size reduction, the degree of crystallinity was reduced from 94% in the C0 sample to 40% in 152 the sample milled for 30 minutes. The reduction in crystallinity was accompanied by a 153 decrease in the crystallite size being 7.0 nm in the C0 sample and 6.6, 6.1, 5.2, and 2.7 nm in 154 the C2, C5, C10 and C30 samples, respectively. Milling also gave an increase in d-spacing of 155 the (020) lattice compared to ground state (C0), whereas essentially no shift in the (110) 156 lattice could be observed. Finally, FTIR analysis of the C2, C5 and C10 substrates showed 157 changes in the 1640 cm -1 region of the spectra (Fig. 1B and C) , which represents signals of 158 amide group or carbonyl groups. 159
Putative morphological changes to the C2 sample upon treatment with 1.0 M CBP21 in the 160 presence of 1.0 mM ascorbic acid was also investigated with FTIR. Compared to the 161 unreacted C2 chitin, the CBP21 treatment increased absorption in the lower cm -1 (1530-1000) 162 of the spectrum (Fig. 1D) . 163
164
Enzymatic degradation of -chitin 165 -chitin milled with the converge mill for either 0 (C0), 2 (C2), 5 (C5), 10 (C10) or 30 (C30) 166 minutes were subjected for hydrolysis by the individual components of the S. marcescens 167 chitinolytic system. There was essentially no difference in degradation rate between of C10and C30 and the latter substrate was therefore not included in the degradation studies 169 described below. 170 (data from Fig. 2 ) to the amount of product formed by the enzymes when combined in a 193 reaction (data from Fig. 4A ). For the three chitinases and CBP21, conversion of C2 and C10 194 was indeed more efficient by the enzymes in combination, thus showing synergy between the 195 enzymes (Fig. 4, panels B and C) . The contribution of CBP21 is minimal for the low 196 crystallinity substrate (C10), but significant for the high crystallinity substrate (C2). 197
198

Chitin binding assay 199
The binding of each enzyme to C2 (high crystallinity) and C10 (low crystallinity) were 200 investigated by binding assays. ChiA showed somewhat stronger binding to both substrates 201 than the rest of the enzymes, especially for C10 (Fig. 5) . CBP21, on the other hand, showed 202 little binding to either C2, C10 ( ChiC is endo-type and non-processive chitinase and ChiB is an exo-type processive enzyme, 283 they both share a C-terminal family 5/12 chitin binding domain (14) . This suggests targeting 284 of the same physical parts of the substrate, which correlates well with the increase in velocity 285 when combined with CBP21. 286
287
In conclusion, the data show that degradation of chitinous substrates with a high degree of 288 residual crystallinity after pretreatment are more efficiently degraded by a chitinolytic system 289 that employs a LPMO in addition to the chitinases. In this study the LPMO (CBP21) seemed 290 primarily to promote the activity of ChiB and ChiC, indicating that the addition of a second 291 LPMO with a different substrate preference may be beneficial for optimizing the total chitin 292 solubilization efficiency of the system. Furthermore, the study also shows that a sufficient 293 reduction of particle size and crystallinity by mechanical pretreatment may eliminate the need 294 
